Abstract: During processing as well as in service life, polymers degrade. For the majority of polymers this is due to oxidative processes. In this review the mechanism of the thermo-oxidative degradation of the most important (unstabilized) polymers as well as the factors determining the degradation rates are discussed.
Introduction
There are many polymers available that differentiate from each other by e.g. (co-) monomer composition, molecular weight, molecular weight distribution, chain branching and end-groups. During polymerization all these parameters are controlled to produce materials with the desired properties. However, once these polymers are exposed to shear stress, heat, light, air, water, radiation or mechanical loading, chemical reactions start that lead to changes in molecular weight and chemical composition. In practice this might result in an undesired change (degradation) in its appearance (e.g. gloss, texture and colour) and mechanical properties (e.g. tensile, flexural or impact strength). The degradation rate highly depends on molecular parameters as well as the environment to which the polymer is exposed. Especially during processing thermoplastic polymers are exposed to harsh environments. Temperatures are relatively high (above the melting or glass transition temperature of the polymer), in many cases a lot of shear is involved and although the majority of processing equipment is closed, oxygen and water can play an important role too. Due to their solubility in polymers, oxygen and water are introduced in the processing equipment together with the polymer, in many cases this lead to polymer degradation during processing. For polycondensates the influence of solubalized water on the degradation during processing is well recognized, which led to a specification for the maximum allowable water content. For other polymers, such as polyolefins, solved and on the surface absorbed oxygen are recognized as being important for its degradation during processing.
Besides during processing, in service virtually all polymers degrade too. In the majority of cases, this is due to reactions with oxygen from the air, which can lead to deterioration of the polymer properties. In this case the temperatures are much lower than during processing, but the availability of oxygen is much higher and the time span much longer. The required service life highly depends on the application area and can be as long as 200 years (see Tab.1).
The rate of degradation during processing as well as during service life depend on the chemical structure, presence of structural defects, impurities such as polymerization catalyst residues, the environment to which the polymer is exposed and the use of stabilizers. In the presence of oxygen, oxidation reactions mainly determine the degradation rate of the polymer. In the case of polyolefins even at processing temperature oxygen plays an important role, while for virtually all polymers oxidation determines the service life in the application.
In the following, an overview will be given of the mechanisms and the most important factors determining the thermo-oxidative degradation of neat (unstabilized) polymers during processing and in their service life. 
Degradation chemistry

Influence of oxygen
Normally polymers are applied below their processing temperature, it has been shown that at these temperatures in an environment without oxygen polymers hardly degrade [1, 2, 3] . The reduction of the properties in an air environment is a result of reactions with oxygen. For many polymers it is shown that the observed loss in properties correlates well with their oxygen consumption [4] . For polypropylene (PP) such a relation is shown in Fig. 1 [5] .
Not only in air, oxygen plays a very important role, under oxygen deficient conditions as being present during processing it plays an important role too. In a TGA experiment in N 2 with a temperature increase rate of 10 °C/minute, PE and PP only start to decompose above 350 °C [6, 7] , while in a comparable TGA experiment in oxygen much lower decomposition temperatures were found. Introducing oxygen in the gas stream led to a comparable reduction of the decomposition temperature of polystyrene [8] . From TGA experiments in an inert atmosphere it is clear that at processing temperatures polypropylene and polyethylene hardly degrade in the absence of oxygen. The same is the case for many other polymers, only at very high temperatures they tend to degrade in an inert atmosphere, but in virtually all cases this degradation is tremendously accelerated by introducing oxygen.
In general, during processing the amount of oxygen available will be lower than in service life; however during processing there can be more than enough oxygen present to decompose a polymer. A study by Epacher et al. [9] on polyethylene showed that about 20-25 ppm oxygen can be adsorbed on the polymers surface, while about the same amount or more is solved in the polymer. For polyethylene the estimated total amount of oxygen that, together with the polymer, can be introduced in an inert extruder is 40-70 ppm. Although this amount is much lower than the amount of oxygen that is available in service, it is still enough to cause severe oxidation. With the mechanism developed in 1946 by Bolland and Gee [10, 11] to explain the thermal oxidation of rubbers, the thermal oxidation of many other polymers can be described [12] [13] [14] [15] [16] [17] [18] . Several variations on this mechanism have been proposed [19] [20] [21] An example of this mechanism is shown in Scheme 1.
In this scheme a free radical chain oxidation mechanism is described that comprises of stages. An initiation step in which the first radicals are formed, a propagation step describing the reaction with oxygen, a chain branching reaction describing the decomposition of the formed hydroperoxides and the accumulation of radicals, and the termination reaction describing the recombination of radicals.
In the first stage, the initiation reaction, free radicals are generated. It is assumed that these radicals are formed thermally or through the combined action of heat and mechanical stress, but this reaction has not been fully clarified yet. It was postulated that the initiation of the oxidation might be due to tropospheric ozone [22] , but this influence was not found when stabilized PP samples were subjected to tropospheric concentrations of ozone [23] . The second stage is the propagation reaction. This reaction has been studied in more detail. The rate of the reaction of oxygen with alkyl radicals is very high (k 1 in Scheme 1) [24] ; therefore, the rate of the propagation is largely determined by the ease of hydrogen abstraction in the second step of the propagation (k 2 in Scheme 1). Polymers having a lower carbon-hydrogen bond strength form more stable radicals and consequently these substrates are more oxidizable. The propagation reaction is a repeating reaction; the average number of propagation cycles (kinetic chain length) has been studied by a number of researchers [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . These studies were performed in model hydrocarbon systems [33, 34] , in polymer solutions [31, 32] and in solid polymers [25] [26] [27] [28] [29] [30] . In these studies, external radical sources, such as irradiation or peroxides, were used to initiate the oxidation. Mayo [27] found that the propagation rate was influenced by the mobility of the molecules. Radicals are formed in pairs and can stay under each other's influence for a long time and give cage reactions. One of the problems encountered in determining the kinetic chain length is the occurrence of these cage reactions.
Mayo [27] showed that only 16% of the peroxy radicals formed escape from these cages and cause propagation reactions. Garton et al. [30] described the existence of a secondary cage, which causes the amount of free propagating radicals to be much smaller. They reported that only 4.5% of the radicals escaping from the primary cage also escape from the secondary cage. The radicals escaping from both cages show a larger kinetic chain length than the calculated mean value. According to calculations by Garton et al. [30] , taking primary and secondary cage reactions into account, the kinetic chain length for radicals that escape both cages varies between 800 to 1. Scheme 1. General proposed auto-oxidation mechanism for polymers (R = polymer chain, H = most labile hydrogen, Xo = any radical, ki = reaction rate constant).
The auto-acceleration of the oxidation is ascribed to hydroperoxide decomposition reactions described in the chain branching reaction (Stage 3). The hydroperoxides formed in the propagation reaction decompose to form radicals, leading to an increase in the oxidation rate. The decomposition of hydroperoxides can be described by several mechanisms [35] [36] [37] . The unimolecular decomposition has a rather high activation energy, which makes this reaction less likely at low temperatures. In the oxidation of polypropylene, the propagation can take place according to an in-chain reaction [38] (Scheme 2). This reaction causes the formation of adjacent hydroperoxides. Scheme 2. In-chain propagation reaction for PP.
These adjacent hydroperoxides can decompose according to a bi-functional reaction [38] (Scheme 3), which has lower activation energy than the unimolecular decomposition. For many years, it was believed that only the intra-chain propagation takes place, but this assumption has been challenged [39] . Another decomposition reaction of hydroperoxides with lower activation energy is the decomposition catalyzed by transition metal ions [40, 41] Termination reactions are bimolecular (stage 4). In the presence of sufficient air, which normally is the case during long-term degradation of polymers, only the reaction of two peroxy radicals has to be considered [1] . The reaction depends on the type of peroxy radical present. For tertiary peroxy radicals (as present in PP) the termination reaction is expected to lead to dialkyl peroxides and oxygen [12] , although oxidation experiments of PP in mixtures of 32 O 2 and 36 O 2 did not result in 34 O 2 , which shows that the importance of this termination reaction is limited [42] .
Secondary peroxy radicals (as formed in PE) terminate according to the Russell mechanism to an alcohol and a ketone (Scheme 5) [43] . During processing the amount of oxygen available is limited causing the reactions between other radicals than peroxy radicals to cause termination too (see Scheme 6). According to this mechanism, the oxidation of polymers is auto-accelerating. After an initial period in which there is no measurable oxygen uptake (induction period), the oxygen uptake is accelerated. This acceleration is ascribed to the formation and decomposition of hydroperoxides, which accumulate in time. An example of this autoacceleration is shown in Fig. 2 for the oxygen uptake of PP at 70 °C [44] .
The above-described mechanism gives an overview of the oxidation of polymers in general and many degradation phenomena can be described with this mechanism.
However, when the oxidation mechanism is looked at in more detail of specific polymers, important deviations from this mechanism are found. In the last section of this paper for selected polymers, a more detailed mechanism is described. 
Kinetics
From the general proposed oxidation scheme (see Scheme 1 ) a kinetic degradation scheme can be derived. Because the reaction rates of all radical reactions is high in comparison to the rate of the reactions in which radicals are not involved, the assumption can be made that the radical reaction is quasi-stationary. Using this assumption the following equations can be derived:
/dt = I -k 1 
These equations make clear that an increase in the radical formation rate (hydroperoxide decomposition rate) results in an increase in the oxygen uptake and hydroperoxide formation rate.
Using this scheme oxygen uptake data measured at 70 °C was tried to fit, however the best fit was still not satisfactory. Especially for the data directly after the induction time it was impossible to get a reasonable fit. In the cases that the oxygen uptake (mmol/kg) curve was reasonably well fitted, there was a lack in fit with the peroxide curve (as shown in Fig. 3 ). In many publications derivatives of the basic oxidation scheme together with the from these mechanisms derived kinetics are mentioned [45] [46] [47] [48] . In these kinetics a homogenous degradation model is assumed, which for the degradation of polymer is very doubtful, especially for PP. For this polymer it was shown that the degradation is very heterogeneous, see the following paragraph.
Heterogeneity and infectious spreading of the degradation
At application temperatures the mobility of polymer chains is limited, causing that when degradation reactions starts they are limited to a small zone in the polymer. Because there are no forces that homogenize these reactions, it can be expected that when the initiation of the oxidation is heterogeneous this will result in a heterogeneous degradation. That the degradation of PP on a visual scale is heterogeneous was already published in 1970 by Richters [111] . He showed that treatment of at 50 and 70 0 C oxidized PP films with SO 2 resulted in dark visible spots. Heterogeneity on a microscopic scale was shown by Billingham [49, 50] , UVmicroscopic pictures of oxidized PP (2 hours at 100 and 120 0 C) treated with DNPH (di-nitro-phenyl-hydrazine) revealed micron size oxidized spots. Similar results were obtained for an extruded PP pellet [49, 51] .
Recently, it was shown by Gijsman and Hamskog [52] that the oxygen uptake and luminescence curve of stabilized and unstabilized PP correlate well with the oxidizing area and reflects the amount of material that is degrading and thus has nothing to do with kinetics ( Fig. 4) . This result makes all publications describing the kinetics doubtful. The origin of this heterogeneity is still under debate. Knight et al. [50] attributed the heterogeneity of the oxidation of PP to local concentrations of polymerization catalyst residues. The fact that catalyst residues such as Ti can play an important role in the oxidation of PP has been described in several other publications [53] [54] [55] [56] [57] . That PP plaques can be infected by oxidizing polymers through the gas phase is already known for a long time. A very nice experiment was done already in 1976 by Drake [59] . He showed that gases coming from an oxidizing PP sample strongly influence the stability of well stabilized PP samples (Fig. 5 ). He studied samples varying in stability between 1 and 50 days. When the same samples were placed in a vessel it was found that the results duplicate well. However, combining fast and slow oxidizing samples in one cell led to a tremendous increase of the oxidation rate of the well stabilized sample (decrease from 44-50 to 7-9 days).
That sample that starts to oxidize at one spot can initiate the oxidation at another spot within the same sample was shown by Eriksson et al. [60] . Recently Celina et al. [61] showed that in an oxidizing environment a degrading polypropylene is capable of infecting polybutadiene over a relatively large distance. Although the phenomenon of gas phase spreading already is known for a long time, the species causing this spreading is still under debate. George et al. [62, 63] showed that the normally observed overall oxidation is the sum of a lot of heterogeneous oxidations on a micro scale. To explain their results they used an "infectious spreading" model and concluded that the S-shape of the oxygen uptake curves found for PP is due to an increased amount of oxidizing polymer rather than to an increase in the oxidation rate [62, 63] . This model was supported by the results of Gijsman and Hamskog [52] shown in Fig. 4 . George et al. [62, 63] also showed that the changes on a macro scale are probably due to the sum of changes on a micro scale and might also take place in the induction period. Thus, what is observed macroscopically after the induction period might also take place on a micro scale within this period.
The spreading can also be influenced with stabilizers. In the presence of the traditional phenolic antioxidants the degradation seems very heterogeneous. It starts at one of the edges and spreads from there fast through the sample (see Fig. 6 ). However Hindered Amine (Light) Stabilizers (HA(L)S) are capable in reducing the spreading rate of oxidizing PP. In comparison to PP stabilized with a phenolic antioxidant with a HALS stabilized PP behaves completely different. In this case the spreading of the degradation is much slower (see Fig. 7 ) [64] . 
Oxidation profiles
The degradation of polymers is a result of oxidation with oxygen from the surrounding, which has to diffuse into the polymer. When the oxidation rate is higher than the oxygen diffusion rate, an oxidation profile over thickness can be expected [65, 66] . Depending on the ratio between oxidation and diffusion rate different profiles are likely. For low oxidation rates and low sample thicknesses no diffusion controlled kinetics can be expected, which will result in a homogeneous distribution if the oxidation is over thickness. For high oxidation rates and thick samples oxygen diffusion limitation can be expected, in this case a parabolic distribution of the oxidation over the thickness will be observed, which can be described with Ficks law [51] . For polymers with a high oxygen barrier, as e.g. polyamides, oxidation profiles can be expected at lower thicknesses.
Fairgrieve and MacCallum developed a mathematical model to describe oxidation profiles. In this model they took into account that in the surface layer the oxidation is not diffusion controlled. A good correlation between experimental and calculated values was found [67] .
The influence of polymer structure
The overall oxidation rate of polymers is determined by the rate of the propagation reaction, which is determined by the ease hydrogens can be abstracted from the polymer chain. This is mainly determined by the dissociation energy of the present carbon-hydrogen bonds. The bond dissociation energy of several carbon hydrogen bonds are mentioned in Tab. 2. From this table it is clear that a polymer containing mainly allylic hydrogens (e.g. polybutadiene) is more degradable than a polymer containing mainly tertiary hydrogens (polypropylene), which is more degradable than a polymer containing mainly secondary hydrogens (e.g. polyethylene). In comparison to aliphatic C-H bonds, the dissociation energy of an aromatic C-H bond is much larger (according to ref 68 : 474 kJ/mol), which is the cause that oxidation of the aromatic rings only appears under very harsh conditions. From Tab. 2 it can also be learned that introduction of hetero atoms in the chain causes that the bond dissociation energy of the neighbouring C-H bond decreases.
When structural defects causes that there are more labile hydrogens present than in the rest of the polymer chain, these are more susceptible to oxidation. So it is known Besides its influence on the oxidation rate, unsaturations are also involved in side reactions with radicals. Under oxygen deficient conditions (e.g. during processing) addition of an alkyl radical to an unsaturation leads to branching [69, 70] , in principle all unsaturations can undergo this reaction, however it is shown that mainly the endunsaturations react in this way (Scheme 7) [71] .
Besides these molecular enlarging reactions there are some chain cleavage reactions too. Alkoxy radicals can abstract hydrogens from the polymer chain (see Scheme 1) or disproportionate to a ketone and an alkyl radical (Scheme 8). For aerobic conditions, it is generally assumed that this reaction is the most important for the embrittlement [72] .
Another chain cleavage reaction is the β-scission reaction of alkyl radicals (Scheme 8). This reaction is mainly found during processing under oxygen deficient conditions.
Another way to introduce unsaturation in the polymer chain is by disproportionation of alkyl radicals [73, 74] , but this reaction does not have an influence on the molecular weight distribution.
Due to the sterical hindrance of the methyl group the alkyl radicals that are formed in polypropylene mainly lead to chain cleavage. It is shown that the probability of chain breaking depends on the degradation aggressiveness and the molecular weight of the chain. At low M w , it is independent of it, i.e. the chain scission is random, but at higher M w the probability of chain cleavage increases [75] . In PE both chain branching and scission reactions play a role. In most instances branching dominates [76] , although this is dependant on many factors such as temperature, amount of unsaturation and stabilizers [69, 70, 71] . Recently it was postulated that during processing the degradation begins with chain scission in the longer chains, due to their higher probability of entanglements, forming macro radicals. These macro radicals react with terminal unsaturations of other chains producing chain branchings. Shorter chains do not suffer from this type of scission, radicals formed on these chains will mainly graft on macroradicals, leading to an increase of the molecular weight [77] . 
Effect of crystallinity and stereoregularity
At its simplest a semi-crystalline polymer can be regarded as a two-phase system, consisting of crystalline and amorphous regions. For PE it is shown that the crystals are impermeable to low molecular weight gasses [78, 79] . As a result it can be expected that PE only degrades in the amorphous phase. Experimentally this is confirmed by Hawkins et al. [80] and Winslow et al. [81] , they showed that with increasing crystallinity the oxidation rate of PE decreases. At the moment there is no doubt that oxidation in polyethylene and polypropylene is restricted to the amorphous phase [51] , which is the case for the majority of all polymers. An exception on this rule is poly(4-methyl pentene-1), which oxidizes in the crystalline phase [82] . For polymers that do not oxidize in the crystalline phase it is likely that the amorphous phase adjacent to the crystalline phase has a lower reactivity to oxidation [83] .
In the case of PP besides crystallinity, stereoregularity plays a role in the rate of degradation too. About the influence of tacticity on the oxidizability there is no consensus. It was shown that isotactic PP (iPP) is more susceptible to the oxidation than atactic PP(aPP), which was attributed to a more favourable backbiting reaction of peroxy radicals (as shown in Scheme 2) in the case of iPP [19, [84] [85] [86] [87] , but the opposite is shown too [45] . However, in many cases between aPP and iPP samples there are more differences than just tacticity (e.g. molecular weight, crystallinity and catalyst residues), which make it difficult to determine only the influence of tacticity.
More recently a comparison of the thermo-oxidative degradations of iPP and aPP, of which the catalyst residues were removed, was performed in air at 160, 200 and 240 °C. In this case the degradation of iPP was found to proceed faster than that of aPP [88] .
The influence of tacticity on the degradation rate of iPP was studied by H. Nakatani et al. [89] , they found an increased oxidation rate with an increase in the meso pentad fraction.
A comparison between isotactic and syndiotactic PP showed that the last one is much more stable [88, 90] .
For PA6 it was shown that its oxidation rate at 140 ºC decreases with increasing crystallinity, but the structure of the crystalline phase (monoclinic versus smectic hexagonal) was found to be independent [91] .
Influence of temperature
One of the main differences between conditions during processing and in service life is the temperature to which the polymer is exposed. During processing polymers are above their melting and/or glass transition temperature, while in service the polymers are normally below this temperature. Another main difference is the availability of oxygen. During processing this is limited, while for degradation during service life an excess is available. These differences cause that the degradation mechanisms during processing and in service can be different, causing that results related to processing conditions can not be transferred to in service conditions and the other way around.
For a relatively simple reaction mechanism the influence of temperature on the degradation rate can be described with Arrhenius law:
k = e -Ea/RT (6) where k = reaction rate constant, Ea = Activation energy, R = Gas constant, T = Temperature in Kelvin.
Although degradation chemistry is a mixture of complex reactions, this equation is generally used to describe the influence of temperature.
Influence of processing temperature
At processing temperature, an increase in temperature will cause an acceleration of the degradation, but it can also have an influence on the mechanism. A change in mechanism with processing temperature is well known for polyethylene. In oxygen deficient conditions found at high temperatures chain scission predominate while at lower temperatures chain branching is the main degradation mechanism. This is because at high temperature secondary alkyl radicals mainly lead to β-scission, while at lower temperatures these radicals mainly react with end-unsaturation leading to branching and finally cross-linking. The activation of the first reaction is about 91 kJ/mole and for the second one 18 kJ/mole [71] . As a result, the degradation of PE changes from chain branching to cleavage with increasing temperature. The exact temperature at which the crossover takes place depends on other factors like amount of oxygen, effectivity of stabilizers and transition metals, but in most cases this temperature is between 250 and 350 °C. Assuming that the reaction rate for chain scission and branching is at 275 °C equivalent and using the above mentioned activation energies, an Arrhenius plot for both reactions can be composed, see 
Chain Scission
Chain branching Scission Fig. 8 . Calculated ratio between chain branching and scission (activation energies: scission 18 kJ/mol, branching =91 kJ/mol, assuming equivalent scission and branching rate at 275 °C and a pre-exponential factor for scission of 1.
Influence of service temperature
In general the required service life times are too long to determine the amount of degradation during this period. As a result accelerated ageings are performed from which the service life times are extrapolated. In many cases ageings are done at higher than application temperature. The service life time is determined using the Arrhenius equation. However, in a number of cases the polymer does not behave according to Arrhenius, which makes the life time determination doubtful. For unstabilized PP it is shown that its Arrhenius plot is curved at low temperature, while for PA46 a straight line relation is published, although in this case the temperature range studied is limited (see Fig. 9 ). 
Specific polymers
Polyethylene
-Degradation during processing
Degradation of polyethylene during processing leads to chain branching and scission (see Fig. 8 ). The ratio between both depends on a number of parameters such as the processing temperature, the availability of oxygen and the molecular characteristics of the polymer.
Polyethylene can be polymerized with a (modified) Metallocene, Ziegler-Natta or a Phillips catalyst system. In all cases (a part of) the polymerization catalyst residues stay in the polymer, and can have a negative influence on the stability. The mentioned catalyst systems normally contain a mixture of compounds including transition metals (e.g. Ti or Cr) and aluminium. Transition metals can increase the degradation rate in two ways 1: formation of radicals in the initiation reaction; 2: catalytic decomposition of hydroperoxides as shown in Scheme 4. Although in some cases a negative influence of Aluminium containing compounds is found, its degradation mechanism is not resolved yet. A comparison of the stability of Phillips (Ph) and Ziegler-Natta (Z-N) catalysed polyethylenes showed that polymers with Chromium catalyst residues show a greater tendency to oxidation than the Ti based polyethylenes [93] [94] [95] . It is shown that an increase of chromium content leads to reduced performance such as increased tendency to colour development [96] . The negative effect of the Phillips catalyst is attributed to chromium-catalyzed decomposition of hydroperoxides (as shown in (Scheme 4), which is much larger than that of titanium and aluminium residues being present in Z-N type polymers [95] . In a study by Hoàng et al. [97] it was shown that polymers with higher levels of chromium catalyst residues were less stable, however, in this case the initial vinyl unsaturation appeared to have a more dramatic influence on the initial rate of oxidation of the chromium-type polymers. According to Pinheiro et al. [98] Phillips HDPE mainly shows chain branching, while Z-N HDPE preferentially undergoes chain scission. This difference was attributed to the lower concentration of unsaturations in the Z-N HDPE. In a comparison between a metallocene and a Z-N type LLDPE, higher levels of chain branching reactions were found for the Z-N type LLDPE at all processing temperatures. Again this difference was attributed to initially much higher levels of vinyl unsaturation in the Z-N type LLDPE [99] .
A comparison between different types of polyethylenes showed a good correlation between the stability of the polymers and their vinyl unsaturation (see Fig. 10 ). From these articles it becomes clear that for the processing stability the amount of unsaturation is much more important than the type of polymerization catalyst used. Besides unsaturation, branching can play an important role in processing stability too. A comparison between metallocene type LLDPEs with low and high amounts of short chain branching (SCB) showed that for the polymer having the low amount of SCB at all processing temperatures (220-290 °C) branching dominates, whereas for the more highly branched polymers, predominantly branching was found at the lower processing temperatures, while at the higher temperatures a greater extent of chain scission was observed [99] . The increased tendency towards scission of the more branched polymer was attributed to the increased sterical hindrance and the positive inductive effect of the side chain [100] .
Besides polymeric parameters environmental parameters play an important role too, from above it is clear that the processing temperature plays an important role. Another parameter that plays a role is the amount of oxygen available [101] . An increase of the amount of oxygen will result in the formation of hydroperoxides that lead to an increase of the amount of radicals as shown in Scheme 1.
According to Anderson and Wesslén degradation in the extruder itself only has a minor influence on the formed oxidative degradation products in an extruded film. They stated that the most important parameters determining degradation are the extrusion temperature and the oxygen content in the atmosphere nearest to the molten film before quenching [102] .
-In service life degradation Due to its relatively low melting temperature, polyethylene is relatively seldom applied at temperatures above 80 °C, together with the fact that secondary hydrogens being present in polyethylene are relatively stable; the long term heat stability of polyethylene is a point of attention only for very demanding applications. In most cases the requirement can be met with the stabilizers already present to protect the polymer from degradation during processing.
In contrast to processing conditions, below the melting temperature trace transition metal residues e.g. from the polymerization catalyst residues are controlling the degradation rate and not unsaturation [94] .
The Arrhenius plot of unstabilized HDPE shows a straight line (Fig. 11) , for stabilized HDPE straight line Arrhenius plots are reported too [103] .However, deviations from Arrhenius behaviour are found for LDPE, especially when temperatures at which the polymer is molten are also taken into account [103] . 
Polypropylene -Degradation during processing
Degradation of PP during processing leads to chain scission, resulting in a decrease of the molecular weight and a reduction of the polydispersity [69, 104] . It was shown that during multiple extrusion of PP its molecular weight decreases and the polydispersity was reduced with increasing cycle number or temperature [105] . This phenomenon used to make controlled rheology PP. The amount of degradation can be controlled with screw design and the amount of oxygen in the extruder [106] . The degradation of PP during processing can be well modulated [107] .
-In service life degradation
In contrast to PE, for PP the long term heat stability is a very important item. This is caused by its lower stability as well as its possible higher application temperatures. This resulted in many investigations and publications on the long term heat stability of polypropylene. In many publications it is shown that the oxidative degradation of PP deviates from the auto-oxidative mechanism as shown in Scheme 1. In the following the most important deviations are given.
-The role of peroxides in the oxidation of PP
In the oxidation mechanism, the decomposition of peroxides leading to radicals plays a very important role. A possible way of studying this reaction is to determine the decrease in the concentration of peroxides of pre-oxidized PP in an inert medium as a function of time (see Fig. 12 ) [5, 108] . This decomposition takes place in two stages. Initially a fast decomposition followed by a slow decomposition. This decay could not be described with first or second order decomposition kinetics.
Assuming that the titrated concentration of peroxides consists of two fractions (both decomposing according to first order kinetics), the calculated data could be fitted with the experimental values (see Fig. 12 ).
From these data the amounts of rapidly decomposing and slowly decomposing peroxides at the beginning of the decomposition were calculated using this model. As the peroxides are introduced into the polymer by first oxidizing the polymer, the concentrations of peroxides as a function of oxidation time can be calculated. From these calculations, it can be concluded that at the beginning of the oxidation (induction period) mainly slowly decomposing peroxides are formed.
The influence of both peroxides on the oxidation rate was determined in an oxidation (O 2 )-decomposition (N 2 )-oxidation (O 2 ) experiment (Fig. 13) . During the oxidation the concentrations of peroxide was built up, after several oxidation times the oxidized powder was placed in nitrogen and a decomposition experiment was started. This lead to a decrease of the concentration as well as a change in the fraction of both peroxides In the last stage of this experiment, the influence of varying the ratio between the two types of peroxide on the oxidation rate was determined. Especially for the samples with the longest decomposition time a reduction in oxidation rate was found. Although these samples still contain (slow decomposing) peroxides an induction period was found (Fig. 13) . Reprinted from Polymer Degradation and Stability, Vol 51, P. Gijsman, J. Hennekens and J. Vincent, The mechanism of the low-temperature oxidation of polypropylene, [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] 1993 , with permission from Elsevier.
In literature there is general agreement that peroxides in PP consist of a rapidly decomposing fraction and a slowly decomposing fraction, but there is no agreement on the origin of these fractions [35, 36, 37, 109] . According to Zahradnickova et al., di-methyl-sulphide (DMS) reacts much faster with peracids than with other types of 1 2 3 4 5 6
peroxides [109] . Although there still is discussion about this method, from peroxide determination before and after treatment with DMS it was concluded that the fast decomposing peroxides are peracids [5] . These result from the oxidation of aldehydes, which are formed via the decomposition of hydroperoxides. According to the generally accepted mechanism underlying the oxidation of PP (see Scheme 1), the acceleration of the oxidation reaction is due to the formation of hydroperoxides. In this mechanism the acceleration of the oxidation is ascribed to the decomposition of hydroperoxides, which leads to new radicals that initiate new oxidation cycles. However, above it is shown that the rate of radical formation due to the decomposition of hydroperoxides is too slow to explain the auto-acceleration of the oxidation reaction. It is shown that this acceleration is probably due to the decomposition of peracids formed by the oxidation of oxidation products. As a result the auto-oxidation of PP can be divided in two stages. In the first stage the oxidation is very slow; this oxidation rate is determined by the slow decomposition of hydroperoxides. This decomposition leads to aldehydes, which are transferred to peracids. When these are present in a sufficient amount the oxidation mechanism changes to a second stage in with a much higher oxidation rate (see Scheme 9). During the first period, there was no oxygen uptake (induction period). After this induction period, the rate of oxygen uptake by the polymer first increased and then became constant. The induction period for the polymers containing 64 and 180 ppm Ti is shorter than that for the polymers containing < 2 and 8 ppm Ti.
For all samples the logarithm of the induction periods are plotted as a function of the reciprocal temperature (Arrhenius plots) in Fig. 15 .
As found by Tamblyn and Newland [110] , Richters [111] and Achimsky et al. [112] , the Arrhenius plots for the induction periods are curved. For the polymers studied, based on the high-temperature data the induction period at a low temperature is shorter than expected. In Fig. 15 , it can also be seen that the curvature depends on the amount of polymerization catalyst residues in the polymer. At high temperatures the induction periods are almost independent of the Ti concentration in the polymers, while at the lower temperatures the polymers with a low Ti concentration (<2 and 8 ppm) have a longer induction period than those with a higher Ti concentration (64 and 180 ppm). 15 also shows that for the PPs with high Ti concentrations, the Arrhenius plots start to deviate from a straight line at a higher temperature than for the PPs with a lower Ti concentration. After an oxygen uptake of about 1800 mmol/kg the peroxide concentrations of the different samples were determined iodometrically. These values were plotted as a function of oxidation temperature (see Fig. 16 ). For all the samples an increase in oxidation temperature led to a decrease in the concentration of iodometrically determined peroxide after an oxygen uptake of about 1800 mmol/kg. The higher the oxidation temperature, the lower the peroxide concentration measured. At low temperatures (50 o C) the peroxide concentrations were higher for the two polymers with the lower Ti concentrations than for the two polymers with the higher Ti concentrations. It is known that the decomposition rate of hydroperoxides can be increased by transition metals such as Ti, as described by the Haber-Weiss mechanism [40] (Scheme 4), which explains the lower peroxide values for the samples containing higher concentrations of Ti. At 130 o C the amounts of peroxides after an oxygen uptake of about 1800 mmol/kg were only slightly influenced by the amount of Ti in the polymer. At this temperature the peroxide decomposition is probably thermally catalyzed rather than Ti -catalyzed. 
Polyamides PA46. PA6, PA66, semi-aromatic polyamides -Degradation during processing
Under industrial conditions the degradation of these polymers during processing is not a result of oxidation, but due to non oxidative thermal process, which means that this subject falls out of the scope of this review. For an overview of the thermal reactions in polyamides see ref [113] .
The thermo-oxidative degradation mechanism of polyamides can be ascribed with the general oxidation mechanism as shown in Scheme 1, although some deviations were proposed [114, 115] . In aliphatic polyamides carbon-hydrogen bonds of the methylene groups adjacent to nitrogen are the weakest bonds [116, 117] , causing that most oxidation reactions proceed on these carbons [14, 118] , although some reactions can take place on methylene groups adjacent to carbonyls of the amide groups too [119] . It was shown that for linear polyamides, the dissociation energy of the most labile hydrogen is independent of the number of methylene groups in their molecule [120] .
For PA6, Lanska et al. proposed several deviations from this mechanism [114, 115] . According to them the N-alkylamide alkoxyl radical produces an unstable hydroxy compound, which decomposes to aldehydes and primary amides [115] . The formed aldehydes can undergo a reduction-oxidation (redox) reaction with hydroperoxides. A carboxylic acid is produced by oxidation of aldehyde, and new aldehydes by the reduction of hydroperoxides [4, 115] . For the termination reaction they suggested a bimolecular reaction of two peroxy radicals leading to imides and hydroperoxides [114] .
It is well known that the rate of thermo-oxidation of polyamides prepared by hydrolytic polymerization depends mostly on the content and ratio of carboxylic and amino endgroups [121] . In polyamides with only carboxylic end-groups, oxidation leads to no colour changes but from the beginning of the reaction it is accompanied by a marked loss of molecular weight [115, 122] . This is attributed to the possibility of carboxylic end groups to associate with hydroperoxides forming cyclic intermediate that lead to hydroperoxide homolysis and a higher oxidation rate [115] .
Polyamides containing primary amino end-groups show yellowing almost from the start of oxidation, whereas their molecular weights drop much more slowly [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] . Amine end groups can initiate the homolysis of hydroperoxides too, but primarily they condense with aldehydes generated by oxidation to aldimines [134] . Condensations of these aldimines with further aldehydes can lead to unsaturated imines and conjugated double bonds. These structures are postulated as the cause of colour changes due to oxidative degradation [135, 136] . Other postulated reasons for this colour change are the formation of pyrrole groups [137] , conjugated enals or enons [123] and ketoamide groups formed by oxidation of the methylene groups adjacent to the carbonyls of the amide groups [138] .
In the thermo-oxidative degradation besides chemical, physical factors plays an important role too. Oxidation only occur in the amorphous phase causing that the crystal type is not important [91] , but the degree of crystallinity [91] and the oxygen permeability plays an important role. The higher thermo-oxidative stability of PA46 in comparison to PA66 was ascribed to the lower oxygen permeability of the amorphous phase of PA46 [139] .
Polyesters (Polyethyleneterephtalate (PET) and polybutylene-terephtalate (PBT)) -Degradation during processing
As is the case for polyamides, under industrial conditions the degradation of polyesters during processing is not a result of oxidation. The main degradation mechanisms of polyesters during processing are hydrolytic and thermal processes, which mean that degradation of polyesters during processing falls out of the scope of this review.
The thermo-oxidative degradations of PET, PBT and two of their model compounds (ethylene dibenzoate (EDB) and butylene dibenzoate (BDB)) were studied in an oxygen atmosphere at 160 ºC [140] . From this study it was learnt that the thermooxidative degradation of these compounds can be described with the auto-oxidative degradation mechanism as shown in Scheme 1, the hydrogens of the α-methylene carbons are the most labile hydrogens, causing that the oxidation mainly takes place at these carbons. Carboxylic acids were identified as major oxidation products.
As for polyamides, for PET and PBT it was found that an increase in the amount of carboxylic end groups result in a higher oxidation rate [141] .
Ether containing polymers
Polyacetals -Degradation during processing
The main degradation mechanism of the degradation of polyacetals during processing is due to depolymerization and not due to oxidation [142, 143] .
The long term heat degradation of polyacetals is a combined process of oxidation and acidolysis [144] [145] [146] [147] . In first instance polyacetals oxidizes according to the mechanism shown in Scheme 1, with the oxidation taking place at the methylene groups. This oxidation leads to formaldehyde and formic acid (Scheme 10). It was postulated that formic acid was formed by the reaction between hydroperoxide and formaldehyde, because the oxidation of formaldehyde is too slow [145] . In a second degradation step polyacetals are acidolysed with the by degradation formed acids, resulting in a further decrease of the molecular weight.
Scheme 10. Oxidation of polyacetals leading to formation of aldehyde.
Polyetheresters -Degradation during processing
Due to the presence of the polyester part the oxygen solubility in these polymers is that much decreased that oxidation only plays a minor role during processing of polyetheresters making that this subject in not within the scope of this review. For polyetheresters the degradation during processing can mainly be attributed to the polyester part (see above).
-In service life degradation Botelho et al [15, 16, 148] extensively studied the thermo-oxidative degradation of polyether esters. They showed that the oxidative degradation of a copolymer of poly(butylene terephthalate) and poly(ethylene oxide) as well as that of a copolymer of poly(butylene terephthalate) and poly(butylene oxide) is related to the more oxidizable polyether part. This oxidation can be well described with the mechanism shown in Scheme 1, with the methylene carbon vicinal to the oxygen ether being the oxidation site. This oxidation leads to the formation of new esters, cleavage of carbon-carbon and carbon-oxygen bonds, leading to aliphatic and aromatic carboxylic acids, formates and alcohols. For polyether esters based on a polyether containing polypropylene glycol, due to the presence of a tertiary carbon vicinal to the oxygen ether causes that these polymers will degrade faster than the polymers based on polyethylene and polybutylene oxide. The formation of degradation products from a polypropylene oxide containing polyether has been described by Gallet et al. [149, 150] , they indeed showed that tertiary carbon vicinal to the oxygen ether is the site at which the oxidation starts.
The oxidation of polyethers lead to the formation of acids, these acids can cause acidolysis reactions causing ether cleavage and thus reduction in the molecular weight [150, 151] .
Aromatic polymers
Polycarbonates -Degradation during processing
The degradation of Polycarbonates during processing is mainly due to thermolysis and hydrolysis and not a result of oxidation [152] .
-In service life degradation It was shown that at oven ageing conditions PC reacts with oxygen although the rates are small [153, 154] . The degradation of bisphenol A polycarbonate (PC) in air at 300 °C cause random scission of the polymeric chains. MALDI mass spectra showed the formation of PC chains terminated with methyl-ketone, phenyl and phenol groups [155] . p-hydroxy benzoic acid and p-hydroxyacetophenone were determined as base hydrolysis products of for 6 months at 140 °C oven aged PC [156] . From these results it is clear that the degradation of PC in the presence of air is due to oxidation of PC, which can be described with the general oxidation mechanism as shown in Scheme 1, with hydrogen abstraction from the methylene groups of the isopopylidene-bridge, followed by isomerization causing that both methylene groups participate [157] . As a result of these oxidative reactions a molecular weight change and discoloration can appear.
A reduction in the molecular weight as well as an increase in the amount of gel was found at 300 ºC [158] as well as at 170 ºC [159] . The formation of an insoluble gel was ascribed to the formation of biphenyl moieties by oxidative coupling of phenols end groups. It was also shown that thermo-oxidative degradation of PC leads to discoloration. The extent of discoloration is sensitive to time and temperature (Fig.  17) . The yellowing rate correlates linearly with the applied oxygen pressure. The rate of yellowing also increased with increasing number of terminal phenolic groups or in the presence of moisture [160] . It was suggested that the yellowing is a result of the formation and subsequent oxidation of phenolic end groups leading to coloured quinone methide structures, however the formation of poly conjugated structures as being responsible for the discoloration was mentioned too [157, 160] . 
Polystyrene
Processing of PS leads to a decrease of the molecular weight, even if there is only limited amounts of oxygen present (Fig. 18 ). This degradation can be ascribed to pure thermomechanical degradation [161, 162] to oxidative degradation or to a combination of both [163] .
The thermo-oxidation of polystyrene can satisfactorily be described with the mechanism shown in Scheme 1. It was shown that preferentially the α-hydrogens on the backbone of the polystyrene chain are attacked and that the initial products are hydroperoxides [164, 165] . As for PP (Scheme 2) an intramolecular propagation reaction is suggested [166] . The decomposition of hydroperoxide leads to an aromatic carbonyl structure, similar to acetophenone, as a primary degradation product [167] . Volatile products formed by decomposing the hydroperoxide groups are phenol, benzaldehyde and acetophenone [166] . According to Mc Neil et al. the main products of the thermo-oxidative degradation of polystyrene were styrene, carbon dioxide, water, benzaldehyde, α-methylstyrene, phenol, phenylacetaldehyde and acetophenone [168] . The thermo-oxidative degradation of polystyrene leads to chain scission, which result in β-scission reactions of alkoxy radicals comparable to the mechanism shown in Scheme 8. Fig. 18 . Influence of processing at 160 °C with a limited amount of oxygen on the viscosity average molecular weight and the Ultimate tensile strength of polystyrene [163] .
Other Aromatic polymers
Aromatic polymers based on1,4-substituted phenyl rings linked with an ether, ketone or sulfone groups are very stable. In an air environment for these polymers decomposition temperatures of over 800 0 C were reported [169] . For a variety of polyetherketones induction times of 150 to 1115 days at 270 °C in static air were found [170] . The influence of temperature on the lifetime of poly(ether ether ketone) (PEEK) and poly-(ether sulfone) PES in argon and in air is shown in Fig. 19 . For PEEK the life time in air is shorter than in argon, which is not the case for PES. This shows that oxidation is important for PEEK, which is not the case for PES.
A comparison between the oxygen uptake of polycarbonate (PC), poly[2.6-dimethyl phenylene ether] (PPO), polysulphone (prepared from bisphenol A and 4.4"-dichlorodiphenylsulphone,PS) at 200 °C is shown in Fig. 20 . PPO is much more oxidizable than the other two polymers, probably due to the benzylic groups being present in PPO. 
Blends
For polymer blends and phase separated copolymers, which consist of polymer phases with a difference in stability, it is obvious that the degradation is heterogeneous. Such a heterogeneous degradation was observed for polypropylene impact copolymers, containing an ethylene propylene rubber (EPR) that is more stable than the PP [172] , high Impact polystyrene (HIPS) [173] , acrylonitrile butadiene styrene copolymers (ABS) [174, 175] and many other blends and phase separated copolymers. In some instances the degradation of the most labile phase initiates the degradation of the stable phase.
